High-quality epitaxial ferrites, such as low-damping MgAl-ferrite (MAFO), are promising nanoscale building blocks for all-oxide heterostructures driven by pure spin current. However, the impact of oxide interfaces on spin dynamics in such heterostructures remains an open question. Here, we investigate the spin dynamics and chemical and magnetic depth profiles of 15-nm-thick MAFO coherently interfaced with an isostructural overlayer of paramagnetic CoCr2O4 (CCO) as an all-oxide model system. Compared to MAFO without an overlayer, effective Gilbert damping in MAFO/CCO is enhanced by a factor of >3, irrespective of the CCO overlayer thickness. We attribute the giant damping enhancement to spin scattering at the ∼1-nm-thick chemically disordered layer at the MAFO/CCO interface, rather than spin pumping or proximity-induced magnetism. Our results indicate that damping in ferrite-based heterostructures is strongly influenced by interfacial chemical disorder, even if the thickness of the disordered layer is a small fraction of the ferrite thickness.
I. INTRODUCTION
Emerging spintronic device schemes leverage magnon spin currents in electrically insulating magnetic oxides (e.g., ferrites), unaccompanied by dissipative motion of electrons, for computing and communications applications 1,2 . Low-dissipation spintronic devices become particularly attractive if insulating ferrite thin films with low magnetic damping can serve as sources of magnon spin currents. Such low-damping ferrites include not only epitaxial garnet ferrites (e.g., YIG) [3] [4] [5] [6] [7] [8] [9] [10] [11] that have been widely used in studies of insulating spintronics [2] [3] [4] [12] [13] [14] [15] , but also coherently strained epitaxial spinel ferrites [16] [17] [18] with crucial technical advantages over garnets, such as lower thermal budget for crystallization, higher magnon resonance frequencies, and potential to be integrated coherently with other spinels and perovskites with various functionalities [19] [20] [21] [22] . In general, low-damping ferrite thin films must be interfaced with other materials to realize spintronic devices. It is therefore essential to understand whether and how damping in the ferrite is impacted by the proximity to another material. For instance, to convert between electronic and magnonic signals through direct and inverse spin Hall or Rashba-Edelstein effects 23 , the low-damping ferrite needs to be interfaced with a nonmagnetic metal with strong spin-orbit coupling. Spin transport and enhanced damping through spin pumping 24 in ferrite/spin-orbit-metal structures has already been extensively studied 3, 4, [12] [13] [14] [15] 25 . Moreover, the low-damping ferrite can be interfaced with an insulating antiferromagnetic or paramagnetic oxide, in which signals can be transmitted as a pure magnon spin current [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . While interfacing low-damping ferrites with insulating anti/paramagnetic oxides has enabled prototypes of magnon spin valves [33] [34] [35] , the fundamental impact of insulating oxide interfaces on spin dynamics has remained mostly unexplored. In particular, it is an open question whether or how damping of the ferrite is enhanced from spin dissipation within the bulk of the adjacent anti/paramagnetic oxide or from spin scattering at the oxide interface.
Here, we investigate how room-temperature magnetic damping in epitaxial spinel MgAl-ferrite (MAFO) is impacted when interfaced with an overlayer of insulating paramagnetic spinel CoCr 2 O 4 (CCO) 41, 42 . This epitaxial MAFO/CCO bilayer is an isostructural model system, possessing a coherent interface with continuous crystal lattices between the spinel ferrite and paramagnet. We find that the presence of MAFO/CCO interface increases damping by more than a factor of >3 compared to MAFO without an overlayer. We attribute this giant damping enhancement -which is comparable to or greater than spin pumping effects reported for ferrite/spin-orbit-metal bilayers -to spin scattering by the ultrathin (∼1 nm) chemically disordered layer at the MAFO/CCO interface. Our findings show that spin scattering at oxide interfaces has a profound influence on damping, even when the chemically disordered layer is a small fraction of the total magnetic layer thickness. fluences of ≈ 1.5 J/cm 2 and ≈ 1.3 J/cm 2 , respectively. Both films were grown in 10 mTorr (1.3 Pa) O 2 and were cooled in 100 Torr (13 kPa) O 2 . MAFO films were grown at 450
II. FILM GROWTH AND STRUCTURAL CHARACTERIZATION
• C, whereas CCO films were deposited at 300
• C to minimize intermixing between the MAFO and CCO layers. These growth temperatures, much lower than >700
• C typically required for epitaxial garnets [3] [4] [5] [6] [7] [8] [9] [10] [11] , are sufficient to fully crystallize MAFO and CCO. The low crystallization temperatures of the spinels offer an advantage over the oft-studied garnets, with more opportunities for isostructural integration with coherent interfaces. To obtain consistent ferromagnetic resonance results, MAFO films were grown and subsequently characterized by ferromagnetic resonance (FMR) ex-situ; after surface cleaning with ultrasonication in isopropanol, CCO overlayers were then deposited as described above. Growth rates were calibrated via X-ray reflectivity.
Our structural characterization of MAFO and CCO shows high-quality, coherently strained films. In symmetric 2θ-ω X-ray diffraction scans, only peaks corresponding to the (00 ) reflections are observed, indicating that the films are highly epitaxial. Additionally, as seen in Fig. 1(a) , Laue oscillations around the (004) Bragg reflections in both single-layer MAFO and CCO layers as well as MAFO/CCO bilayers denote smooth interfaces. Furthermore, MAFO, CCO, and MAFO/CCO samples all exhibit essentially the same film-peak rocking widths (FWHM) of ≈0.06
• (Fig. 1(b) ). Reciprocal space mapping of the (115) reflection in 25-nm-thick single-layer CCO on MAO ( Fig. 1(c) ) reveals that the in-plane lattice parameter of the film coincides with that of the substrate, indicating CCO is coherently strained to MAO. We note that despite the relatively large lattice mismatch between CCO and MAO of ≈3 %, coherently strained growth of CCO of up to 40 nm has been previously reported on MAO substrates 41 . For our CCO film, we calculate an out-of-plane lattice constant c ≈ 8.534Å from the 2θ-ω scan; taking the in-plane lattice parameter a = 8.083Å of the MAO substrate, the resulting tetragonal distortion of coherently strained CCO is c/a ≈ 1.055, similar to that for coherently strained MAFO 16 . Structural characterization results underscore the quality of these epitaxial films grown as single layers and bilayers. Considering the comparable high crystalline quality for MAFO, CCO, and MAFO/CCO -as evidenced by the presence of Laue oscillations and narrow film-peak rocking curves -we conclude that MAFO/CCO bilayers (with the total thickness limited to ≤23 nm) are coherently strained to the substrate. Thus, MAFO/CCO is a high-quality all-oxide model system, which permits the evaluation of how spin dynamics are impacted by a structurally clean, coherent interface.
III. FERROMAGNETIC RESONANCE CHARACTERIZATION OF DAMPING
To quantify effective damping in coherently strained MAFO(/CCO) thin films, we performed broadband FMR measurements at room temperature in a coplanar waveguide setup using the same procedure as our prior work 16, 17 . We show FMR results with external bias magnetic field applied in the film plane along the [100] direction of MAFO(/CCO); essentially identical damping results were obtained with in-plane field applied along [110] 43 . Figure 2 (a) shows the frequency f dependence of half-width-at-half-maximum (HWHM) linewidth ∆H for a single-layer MAFO sample and a MAFO/CCO bilayer with a CCO overlayer thickness of just 1.3 nm, i.e., less than 2 unit cells. The linewidth is related to the effective Gilbert damping parameter α ef f via the linear equation:
where ∆H 0 is the zero-frequency linewidth, h is Planck's constant, g ≈ 2.05 is the Landé g-factor derived from the frequency dependence of resonance field H F M R , µ 0 is the permeability of free space, and µ B is the Bohr magneton. It is easily seen from Fig. 2(a) that with the addition of ultrathin CCO, the damping parameter is drastically increased, i.e., >3 times its value in bare MAFO.
Figure 2(b) shows that the giant damping enhancement seen in MAFO/CCO is essentially independent of the CCO thickness. This trend suggests that the damping enhancement is purely due to the MAFO/CCO interface, rather than spin dissipation in the bulk of CCO akin to the absorption of diffusive spin current reported in antiferromagnetic NiO 26, 39, 44 . We note that other bulk magnetic properties of MAFO (e.g., effective magnetization, Landé g-factor, magnetocrystalline anisotropy) are not modified by the CCO overlayer in a detectable way.
We also rule out effects from solvent cleaning prior to CCO growth or thermal cycling in the deposition chamber up to 300
• C, as subjecting bare MAFO to the same ex-situ cleaning and in-situ heating/cooling processes as described in Section II, but without CCO deposition, results in no measurable change in damping. The giant damping enhancement therefore evidently arises from the proximity of MAFO to the CCO overlayer.
We consider two possible mechanisms at the MAFO/CCO interface for the observed damping enhancement:
(1 
3+ with weak spin-orbit coupling 16, 47 . Another possibility is that chemical disorder at the MAFO/CCO interface introduces magnetic roughness that gives rise to additional spin scattering, perhaps similar to two-magnon scattering recently reported for ferromagnet/spin-orbit-metal systems 48 . In the following section, we directly examine interfacial proximity magnetism and chemical disorder to gain insight into the physical origin of giant damping enhancement in MAFO/CCO.
IV. CHARACTERIZATION OF INTERFACE CHEMISTRY AND MAGNETISM
To evaluate the potential formation of a magnetized layer in the interfacial CCO through the magnetic proximity effect, we performed depth-resolved and element-specific magnetic characterization of MAFO/CCO bilayers using polarized neutron reflectometry (PNR) and soft magnetic X-ray spectroscopy.
PNR measurements were performed using the PBR instrument at the NIST Center for Neutron Research on nominally 15-nm-thick MAFO layers capped with either thick (5 nm) or thin (3 nm) CCO overlayers. PNR measurements were performed in an in-plane applied field of 3 T at temperatures of 300 K and 115 K, the latter case being slightly above the nominal 97 K Curie temperature of CCO 41, 42 . Incident neutrons were spin-polarized parallel or anti-parallel to the applied field both before and after scattering from the sample, and the reflected intensity was measured as a function of the perpendicular momentum transfer vector Q. The incident spin state of measured neutrons were retained after scattering, corresponding to the two non-spin-flip reflectivity cross sections (↑↑ and ↓↓). Since all layers of the film are expected to saturate well below the applied field of 3 T, no spin-flip reflectivity is expected and these cross sections were not measured.
Since PNR is sensitive to the depth profiles of the nuclear and magnetic scattering length density (SLD), the data can be fitted to extract the chemical and magnetic depth profiles of the heterostructure. In this case, we used the Refl1D software package for this purpose 49 . Figure 3(a,b) shows the 300 K reflectivities and spin asymmetry curves of a nominal MAFO (15 nm)/CCO (5 nm) sample alongside the depth profile (Fig. 3(c) ) used to generate the fits shown. The best fit profile (Fig. 3(c) ) provides no evidence of a layer with proximity-induced magnetization in the CCO. Rather, we note that there appears to be a layer of magnetization suppression near both the MAO/MAFO and MAFO/CCO interfaces. Further, the interfacial roughnesses of both the MAO/MAFO and MAFO/CCO, 0.9(1) nm and 1.35(5) nm respectively, are significantly larger than the CCO surface roughness of 0.27(3) nm and the bare MAFO surface roughness of < ∼ 0.5 nm 50 . The interfacial roughnesses are signatures of chemical intermixing at the spinel-spinel interface leading to interfacial suppression of the magnetization and/or Curie temperature. Thus, we find that the MAFO/CCO interface, although structurally coherent, exhibits a chemically intermixed region on the order of one spinel unit cell thick on either side.
To obtain an upper limit of the proximity-induced interfacial magnetization in CCO, we performed Markovchain Monte-carlo simulations as implemented in the DREAM algorithm of the BUMPS python package. These simulations suggest an upper limit (95% confidence interval of) 7 emu/cc in the 1.5 nm of the CCO closest to the interface. In this case, the model evaluated the MAFO as a uniform structural slab but allowed for total or partial magnetization suppression at both interfaces, while the CCO layer was treated as a uniform slab with an allowed magnetization layer of variable thickness at the interface.
However, we note that equivalently good fits are obtained using simpler models that fit a single MAFO layer with magnetically dead layers at the interfaces and a completely nonmagnetic CCO layer. Equivalent results were obtained for the thick CCO sample at 115 K and for the thin CCO sample. We therefore conclude that the PNR results strongly favor a physical picture in which the CCO is not magnetized through the magnetic proximity effect.
To confirm the PNR results and examine the effect of a CCO overlayer on the local environment of Fe cations in MAFO, we performed temperature-dependent X-ray absorption (XA) spectroscopy and X-ray magnetic circular dichroism (XMCD) measurements at Beamline 4.0.2 of the Advanced Light Source at Lawrence Berkeley National Laboratory.
We note that the detection mode (total electron yield) used here for XA/XMCD is sensitive to the top ≈5 nm of the sample, such that Fe L edge signals from CCO-capped MAFO primarily capture the cation chemistry near the MAFO/CCO interface. Measurements were performed in an applied field of 400 mT along the circularly polarized X-ray beam, 
incident at 30
• grazing from the film plane To minimize drift effects during the measurement, multiple successive energy scans were taken and averaged, switching both applied field direction and photon helicity so that all four possible combinations of field direction and helicity were captured at least once. XA and XMCD intensities were normalized such that the pre-edge is zero and the maximum value of the average of the (+) and (−) intensities is unity. In the case of the Co Ledge, measurements were taken with energy sweeps covering both Fe and Co edges, and for consistency both edges were normalized to the highest XAS signal, corresponding to the Fe L 3 -edge. Figure 4 (a) compares the XA of a bare MAFO film with one capped by 3 nm of CCO. The two XA lineshapes are nearly identical, indicating the same average Fe oxidation state and site-distribution in CCO-capped and uncapped MAFO films. It is therefore likely that the reduced interfacial magnetization observed through PNR is a result of a defect-induced Curie temperature reduction, rather than preferential site-occupation of Co and Cr that might increase the Fe 2+ content in the intermixed interfacial region.
We further note that although a large XMCD signal is observed on the Fe-edge at 300 K (Fig. 4(b) MAFO/W [Riddiford] MAFO/Pt [Riddiford] YIG/Pt [Wang] Da eff (10 -3 ) YIG/Pt [Sun] Figure 5. Comparison of the enhancement of the effective Gilbert damping parameter ∆α ef f for MAFO/CCO and ferrite/spin-orbit-metal bilayers. YIG/Pt [Sun] , YIG/Pt [Wang] , and MAFO/Pt(W) [Riddiford] are adapted from Refs. 51 , 52 , and 53 respectively. The values of ∆α ef f from the literature are normalized for the saturation magnetization of 100 kA/m and magnetic thickness of 15 nm for direct comparison with our MAFO/CCO result. a net magnetization induced in the CCO through the interfacial magnetic proximity effect.
V. DISCUSSION
Our PNR and XA/XMCD results (Section IV) indicate that the giant damping enhancement observed in Section III arises from chemical disorder, rather than proximity-induced magnetism, at the MAFO/CCO interface. We emphasize that this interfacial disordered layer is confined to within ≈2 spinel unit cells. We also note that this interfacial disorder is due to atomic intermixing, but not structural defects (e.g., dislocations), in this coherent bilayer system of MAFO/CCO. Nevertheless, this ultrathin chemically disordered layer alone is evidently sufficient to significantly increase spin scattering. Considering that the cation chemistry of Fe in MAFO does not change substantially (Fig. 4(a) ), the interfacial spin scattering is likely driven by magnetic roughness, leading to a mechanism similar to two-magnon scattering that accounts for a large fraction of effective damping in metallic ferromagnet/Pt bilayers 48 . We now put in context the magnitude of the damping enhancement ∆α ef f , i.e., the difference in the effective Gilbert damping parameter between CCO-capped and bare MAFO,
by comparing it with ferrite/spin-orbit-metal systems where spin pumping is often considered as the source of damping enhancement. Since damping enhancement from spin pumping or interfacial scattering scales inversely with the product of the saturation of magnetization M s and the magnetic layer thickness t m , the values of ∆α ef f taken from the literature 51-53 are normalized for direct comparison with the MAFO films studied here with M s = 100 kA/m and t m = 15 nm.
As summarized in Fig. 5 , ∆α ef f for MAFO/CCO is comparable to -or even greater than -∆α ef f for ferrite/metal bilayers. This finding highlights that the strength of increased spin scattering in a ferrite due to interfacial chemical disorder can be on par with spin dissipation due to spin pumping in metallic spin sinks. More generally, this finding suggests that special care may be required in directly relating ∆α ef f to spin pumping across bilayer interfaces (i.e., spinmixing conductance), particularly when the FMR-driven magnetic layer is directly interfaced with a spin scatterer. Furthermore, the strong interfacial spin scattering -even when the oxide interface is structurally coherent and the chemically disordered layer is kept to just < ∼ 2 unit cellsposes a significant challenge for maintaining low damping in ferrite/insulator heterostructures. Deposition schemes that yield sharper interfaces, e.g., molecular beam epitaxy, may be employed to reduce the interfacial scattering for low-loss all-oxide device structures.
VI. CONCLUSIONS
We have shown that effective damping in epitaxial spinel MgAl-ferrite (MAFO) increases more than threefold when interfaced coherently with an insulating paramagnetic spinel of CoCr 2 O 4 (CCO). This giant damping enhancement is not due to spin pumping into the bulk of CCO. Our depth-resolved characterization of MAFO/CCO bilayers also reveals no proximity-induced magnetization in CCO or significant change in the cation chemistry of MAFO. We attribute the giant damping enhancement to spin scattering in an ultrathin chemically disordered layer, confined to within 2 spinel unit cells across the MAFO/CCO interface. Our results demonstrate that spin dynamics in ferrite thin films are strongly impacted by interfacial disorder. 
